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Abstract 
Development of High Temperature Superconductors (HTS) motors has been focused on typical construction with 
radial magnetic flux configuration similar to traditional electrical motors. Design and construction in axial magnetic 
flux configuration are a new alternative to develop HTS motors. This paper presents the design and optimization of a 
superconductor induction motor in axial flux configuration, using HTS BSCCO-2223 tapes. Electrical evaluation and 
results in geometries of 4, 6, and 8 poles of an ironless stator are presented. The axial flux poles configuration of the 
stator was constructed by cutting and welding the HTS tapes sections. However, due to this construction method, a 
reduction in the critical current (Ic) was presented, observing an increasing reduction by increasing the pole number 
or the number of the welded joints. The evaluation and determination of the Ic of HTS stators in axial flux 
configuration by inductive methods are presented. 
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1. Introduction 
The constructions of HTS equipment involve many variables considering the best performance and 
manufacture design of electrical equipment. HTS motors has a special consideration in axial flux 
configuration, due to the manufacture process considering that, the stator and rotor are flat and not curved 
paths can be made with superconducting tape. 
HTS motors design in axial flux configuration using HTS tapes presents some advantages: the small 
tape dimensions compared to the overall motor size, and a better coupling between the rotor and stator 
improving the motor performance. HTS stator design and construction were based on general equations of 
electrical axial flux motors and comparing with traditional electrical machines. [1], [2].  
HTS tapes have mechanical limitations in its radius of curvature. Due to these limitations, the general 
construction method is cutting and welding the tapes to obtain the stator geometry, although a reduction of Ic
was reached, observing an increasing reduction by increasing the poles number. Fig. 1 shows the performance 
between normalized critical current with respect to poles number in the stator. 
Fig. 1 Ic reduction as function of pole number 
Different methods for determining and measuring Ic in superconductor materials have been used, mainly 
based on contact methods. Unfortunately, these methods may cause deterioration to the superconductor 
material or degradation by the method of terminal placed on the tape. To avoid self-heating caused by the 
contact resistance in terminals, it is necessary to have additional steps to reduce the contact resistance; however, 
this may reduce the cross section, reducing the critical current value [3], [4]. Using inductive methods can give 
better results, avoiding contact problems and loses in terminals. These methods use different techniques, using 
two inductive coils and high frequency and are based on the third-harmonic voltage (V3) measurement 
generated due to induced magnetic field into the sample with the first coil due to the I0 induced in the sample 
with the second coil. It has been demonstrated that inductive method are the most reliable and promising non-
destructive techniques for determination of Ic in HTS materials [5], [6], [7].  
2. General Design Equations. 
Electrical machines in axial or radial magnetic flux configurations, ac or dc, have a ferromagnetic core in 
the rotor, which turns on in another ferromagnetic core (stator) with copper wires that provide a magnetic flux. 
In radial flux electric motors, the most important dimensions are gap diameter (d) and active magnetic length 
(l). However, in axial magnetic flux motors, the most important dimensions are inner diameter (Di) and outer 
diameter (Do) (see Fig. 2) [2], [8], [9]. 
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Fig. 2. General representation of the electric motors in radial and axial flux configuration. 
The output power equation (Ps) in axial flux electric motors with two airs gaps (bilateral stators), could be 
presented as Eq. (1) in terms of Di and Do [9]: 
3102 −×= PPS ImEP    (kVA)        (1)
where: m represents the phase number, Ep the EMF per phase in Volts, Ip the current per phase in Amperes.  
EMF could be obtained as Eq. (2), 
NPnkEP φ244.4=
         (2)
where k is the winding factor, P is the pole number in the motor, n is the rotational speed in rps, ɮ is the 
magnetic flux per pole in webers, and N is the number of turns per phase.  
     One of the most important parameters in electric motors design and construction with axial magnetic flux is 
the ratio (Ȝ) between of the inner and outer diameters Di/Do [7], [8]. The optimum Ȝ value was found in the 
range between 0.57 and 0.63, depending on the construction characteristics and the motor parameter [9]. Eq. 
(1) could be expressed in Di and Do terms as follows: 
nDDDDKP ioioaS )()( 2 −+=
        (3)
where Ka is a constant motor defined in Eq. (4). 
31074.2 −×= kBAK a
         (4) 
where B is the magnetic flux density in teslas, according to Eq (5), and A is the current density in A/m, defined 
in Eq (6). 
)(
4
22
iO DD
pB
−
=
π
φ
          (5)
)(
2
2
io
p
DD
mNI
A
+
=
π
          (6)
A simulation of the parameter optimization was performed with 4, 6 and 8 poles evaluating Ȝ from 0 to 
0.90. Optimum values for each geometry and pole numbers, according to Eq. (3), were from 0.3 to 0.45 
depending on the poles number. Fig. 3 shows the performance of the output power versus Ȝ parameter. 
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Fig. 3. Output Power vs. Ȝ parameter 
Regarding rotors design, different empirical rules have been proposed for the design of squirrel cage rotors, 
referred to the slots stator number, based on general considerations like mechanical vibrations, starting torque, 
noise, losses and others [10]. If N1 and N2 are the numbers of stator and rotor slots, the number of rotor slots or 
the number of bars in the rotor should be selected as: 
1. N1-N2  ± 1, ±2, ± (p±1), ±(p±2), ±p, -2p,-5p, ±3p  or any multiple of ±3p for 3-phase motors, 
±p, ±2p or any multiple of ±2p for 2-phase motors. 
2. N2 > 0.80 N1
3. N2 § 0.9 N1
4. N2  odd number of rotor bars. 
5. N2  1.25 N1 + p for nonreversible drive  1.25 N1 for reversible drives. 
Not all the conditions could be met in the rotor design, but they must be taken into account, especially when 
the motor has a small number of poles. The rotors were designed in a disk shape in order to have a better 
interaction between the stator with axial excitation of magnetic flux, and were constructed with HTS BSCCO-
2223 tapes, representing an advantage in size, more compact and with better electromagnetic coupling between 
rotor and stator [10]. 
3. Motor construction. 
3.1. HTS Tapes Characteristics. 
HTS tapes of BSCCO-2223 were used from American Superconductor (AMSC). Table 1 shows the HTS 
tape characteristics. 
Table 1. HTS Tape Characteristic 
Description Characteristics 
Material BSCCO-2223 
Type material Compression resistant 
Critical Current (Ic) 124 A* 
Width 4.8 mm ((± 0.2 mm) 
Thickness 0.3 mm (±0.02 mm) 
Bending Diameter 70 mm (minimum)**
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Tension strength 265 MPa 
    * 77 K, B=0, 1 µV/cm 
    ** 95 % retention of Ic
3.2. Superconductor stator construction. 
A stator without ferromagnetic core was selected to avoid magnetic core saturation due to the high 
magnetic field generated by the current, placing only HTS tapes in the configurations previously established. A 
value of Ȝ = 0.45 was chosen for the stator construction. Table 2 shows the general construction dimensions. 
Table 2. Stator general dimensions. 
Dimension Length  
Outer Diameter (Do) 85 mm 
Inner Diameter (Di) 40 mm 
Separation between 
stators (l) 
5 mm
The construction was made cutting and welding the HTS tapes according to the proposed geometry, 
avoiding the bending in the configuration. The joints between HTS tapes were made with solder Sn-Ag (60/40 
composition). Later, it was placed in a matrix of epoxy resin to have mechanical stiffness and support. 
However, it is produced a reduction in the critical current, due to the cutting and welding process of the joints, 
depending on the quantity and quality of the unions, as shown previously in Fig. 1.  
Table 3 shows the identification and general characteristics of the stators constructed, specifying the pole 
number for each one. B1 configuration was constructed on star shape to minimize the union tapes, trying to 
avoid the reduction in the critical current, A1 and A2 geometries were constructed with a wave winding shape, 
considering a better magnetic flux distribution in the stator and its coupling with the rotor, but with a different 
parameter Ȝ. 
Table 3. Stator configurations 
Identification Pole number Ȝ
B1 7 0.37 
A1 - 4 4 0.25 
A2 - 4 4 0.45 
A2 – 6 6 0.45 
A2 - 8 8 0.45 
3.3. Superconductor rotor construction. 
A set of three HTS superconductor rotors has been built to compare both geometries of trapped flux. Eight 
poles on a flat squirrel cage shape allow synchronous functions (RA1, RA3) and nine poles (RA29BD) 
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cogging compensated geometry improves the hysteretic behavior (see Fig. 4). 
Fig. 4. HTS rotors evaluated (a) RA29BD; (b) RA1 
Rotors constructions were made by welding HTS tapes with Sn-Ag solder (60/40 composition) with a 0.8 
mm thickness epoxy resin. 
4. Critical current determination. 
One coil was used as a simple method to determine the critical current on the stator, based on inductive 
measurements and V3 determination. Comparative results of Ic determination for the four-lead and inductive 
measurements are shown on the stators. 
4.1. Theory. 
The V3 mechanism generation has been published by different authors [3-5]. The basic principles can be 
summarized considering that a sinusoidal driven current I0 cosȦt flows through a superconductor. The driven 
current can be induced or applied to a sample, generating an ac magnetic field H0 cosȦt and a superconductor 
current Ks flow through the film to shield the field [4]. Two stages are presented: when I0 < Ic, the magnetic 
field is below the shielded tapes, and the ac magnetic field is only detected by the coil, due to driven current. 
When I0 > Ic, the shielding is not complete, and the magnetic field linked in the coil is expressed by a nonlinear 
function of I0 cosȦt resulting in a finite V3 [5]. Mawatari et al have derived the mathematical relation between I0
and V3, but it depends on a G factor determined by the configuration of the coil in the measurement circuit [3], 
[4]. In the inductive method presented here, the configuration of the coil does not affect the measurement 
because it is installed outside the measurement circuit, and there is not physical contact nor the sample neither 
the LN2. For this reason, the measurements reduced the V3 analysis derived by the driven current waveform. 
4.2. Experimental. 
The set up test was done considering one Rogowski pick-up coil (PC) placed into the current circuit. One 
test was developed on HTS single tape to verify the results of the four-lead and V3 methods. A second test was 
performed on HTS 8 poles stator (ST). Characterization results of both tests were compared.  
Due to the low-level voltage characteristic of the signal, signal conditioning (SC) was necessary to have a 
stable signal and noise free. The main component of the signal conditioning was a precision, low power 
instrumentation amplifier INA-128 from BURR-BROWN, having a good amplitude range and noise free. A 
variable 60 Hz, ac current (AC) was applied with a variable transformer, connected to a high current, low 
voltage transformer (CT), to reach the Ic on the tapes and HTS stators.  All data were registered with a NI 
DAQS, comparing data of four-lead and V3 performance. A general diagram of the test set-up is shown in Fig. 
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5. 
Fig. 5. General test set-up for Ic characterization on HTS tapes and stators 
The pick-up coil was constructed using an air core and magnet wire with 0.078 mm diameter (40 AWG); 
this construction provides a good linearity and sensitivity to register the low voltage of the acquired signal. The 
coil was calibrated to get constant and good linearity. Fig. 6 shows the coil performance. The pick-up coil was 
placed outside of the nitrogen liquid container (LN2), showing no temperature variations. 
Fig. 6. Pick-up coil performance during current measurement. 
4.3. Ic Test results. 
The evaluation HTS stator was tested simultaneously by both methods. In the four-lead method, the leads 
were attached with solder Sn-Ag (60/40 composition).  
The current was increased from zero until reaching the critical current on the sample. Results were 
registered and plotted, observing differences between Ic obtained by the four-lead method and the inductive 
method. The Ic obtained from the four-lead method was slightly lower than critical current obtained from the 
inductive method. The differences obtained are due to the leads attached to the stator in the motor terminals. 
Fig. 7 shows comparative results between both methods.  
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Fig. 7. Evaluation of critical current on 8 poles HTS stator in axial flux configuration, obtained from four-lead method (Ic dotted 
line) and inductive method (V3 dash line). 
Once V3 analysis was performed to the driven current, the waveform obtained from the pick-up coil was 
easily recognizable due to the V3 harmonic performance and three stages can be determined: 
a) When I0 < Ic, the V3 harmonic level is about 0.9 % of the fundamental (near to zero); as shown in Fig. 8. 
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Fig. 8. V3 harmonic performance when I0 < Ic. 
b) When I0 § Ic, the level of V3 harmonics increases, reaching values about 2.7 % of the fundamental (V3
increasing) as shown in Fig. 9; and, 
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Fig. 9. V3 harmonic performance when I0 § Ic. 
c) When the I0 >Ic, the level of V3 harmonic is increased about 4 % of fundamental (Fig. 10) 
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Fig. 10. V3 harmonic performance when I0 > Ic. 
5. Evaluation and test results. 
Evaluations were performed in a motor under a steady state condition, and the current did not reach the 
critical current, observing the velocity-current motor performance. The motor was immersed in LN2 and the 
friction with LN2 was not considered. The transient state condition was not considered in the present work. 
5.1. HTS Stator evaluation. 
The stators evaluation was performed on an aluminum disk rotor to observe the performance between stator 
and rotor. The results for each stator are shown in Fig. 11. Configurations with a factor Ȝ, different than the 
optimal, showed low magnetic coupling between the stator and the rotor, requiring a higher amount of current 
to have a speed equal to the other evaluated stators. 
Fig. 11. Speed-Current performances for different stator geometries 
5.2. HTS Rotors evaluation. 
The evaluations were performed with A2-8 stator arrangement. The best performance is obtained with 
configuration RA1-8B (eight poles), as shown in Fig. 12. The result shows that the best coupling is obtained 
with 8 poles, 8 bars, due to the natural synchronous speed between the superconductor stator and the 
superconductor rotor. 
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Fig. 12. Test results in HTS rotors using A2-8 stator arrangement 
6. Conclusions. 
HTS tapes are suitable to build rotors in standard geometries, considering the performance between the 
stator and the rotor. Superconductors improve the magnetic coupling of axially excited electric motors and the 
power capability of superconducting motors has been increased. The Ic reduction is due to the welding joints in 
the stator and the rotor and it depends on the number of joints made. In the inductive method, the measurement 
depends directly of the analysis of V3, obtained from the direct measurement of the driven current waveform, 
and the environment does not affect it. The use of inductive method for the characterization of superconductor 
motors is a simple technique and it can be used in real time when the motor is running and it can, therefore, 
monitor the actual performance. B1 and A1 geometries showed a low performance with aluminum rotors, due 
to the fact that it is necessary to have a great current value rather than other geometries. The optimum value of 
parameter Ȝ is in a range of 0.35 to 0.45. The best rotors performance is reached when the number of the bars in 
the rotor is near or equal to the number of stator poles. 
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